The degradation of individual subcell J-V parameters, such as short circuit current, open circuit voltage, fill factor, and power of a GaInP/GaInAs/Ge triple junction solar cell by 1 MeV electrons were derived utilizing the spectral reciprocity relation between electroluminescence and external quantum efficiency. After exposure to a fluence of 1 x 10 15 1 MeV electrons, it was observed that up to 67% of the voltage loss is from the middle, GaInAs subcell. Also, the dark saturation current of the Ge and GaInAs subcells increased but a simultaneous decrease in ideality factor caused a reduction of the open circuit voltage. The reduced ideality factor further indicates a change in the primary recombination mechanism.
INTRODUCTION
Understanding the effects that influence the currentvoltage (I-V) characteristics of space photovoltaics is critical to predicting their on-orbit performance [1] [2] [3] . By investigating the effects of space radiation on the underlying device parameters we can better understand and predict the performance of on-orbit solar arrays. Current state-of-the-art solar cells are made from direct bandgap III-V materials because of their high efficiency and radiation hardness. Multijunction solar cells are more radiation hard than previous generation single junction gallium arsenide (GaAs) solar cells due to the radiation hardness of the current limiting indium gallium phosphide based top cell [4] . While current degradation can be tuned for and characterized by quantum efficiency measurements, it has only been recently discovered that the open circuit voltage of each subcell of a monolithic GaInP/GaInAs/Ge can be derived along with the partial dark and light currentvoltage parameters. By utilizing the reciprocity theorem between electroluminescence and external quantum efficiency [5] , the subcell dark and light current-voltage curves can be derived before and after irradiation [6] [7] [8] 
EXPERIMENT
Triple-junction ATJ solar cells of GaInP/GaInAs/Ge were purchased from SolAero Technologies®. The solar cells were 2cm x 2cm and did not have a coverglass. Light current-voltage, quantum efficiency, and electroluminescence measurements were performed before and after electron radiation at The Aerospace Corporation's Photovoltaic Evaluation And Research Laboratory (PEARL). The short circuit current density (J sc ), open circuit voltage (V oc ), fill factor, and efficiency were determined under a calibrated AM0 solar simulator on a temperature-controlled stage at 301.15 K (28°C). The simulator was calibrated using ATJ primary, JPL balloon flown standards. Quantum efficiency measurements were conducted using a Newport monochromator that was calibrated using a silicon photodiode and InGaAs diode that are National Institute of Standards and Technology traceable. Electroluminescence measurements were also performed at 301.15 K using a Horiba monochromator with a 2d, thermoelectrically cooled silicon CCD, and a temperature controlled, liquid nitrogen cooled extended InGaAs linear array. Electron radiation was conducted at the National Institute of Standards and Technology radiation facility. The triple junction cells were exposed to electrons at an energy of 1 MeV and a fluence of 1 x 10 15 electrons/cm 2 .
RESULTS AND DISCUSSION
The spectral reciprocity relation as defined by Eq. 1 relates the external luminescence ( ) and quantum efficiency ( ) to the voltage ( ) of a solar cell, where is the black body photon flux, is the electron charge, is the Boltzmann constant, and is temperature. By taking electroluminescence spectra of each junction in a multijunction solar cell at different injection currents you can calculate the voltage of each subcell at each injection current. The open circuit voltage of each subcell is derived from the voltage calculated using Eq. 1 at an injection current equal to the short circuit current of the individual subcell.
(1)
The electroluminescence of each junction was taken before and after irradiating the triple junction cell with a fluence of 1 x 10 15 1 MeV electrons/cm 2 as can be seen in Fig. 1 . The electroluminescence spectrum of each junction was taken at injection current densities logarithmically ranging over approximately 25 points from 25 μA/cm 2 to 35 mA/cm 2 . After exposure, to electron radiation, it is observed in Fig. 1a that the electroluminescence of GaInP and GaInAs is reduced by over two orders of magnitude. Also, the relative peak intensity between GaInP and GaInAs changes such that GaInP is brighter than GaInAs. The electroluminescence of the Ge subcell also decreases, losing about half of its electroluminescence. Also, the luminescence below 1400nm is quenched after electron radiation. The luminescence below 1400 is believed to be from direct transfer states in the Ge.
Figure 1. Electroluminescence of GaInP, GaInAs, and Ge subcells in a triple junction solar cell before irradiation with 1 MeV electrons (a.) and after a fluence of 1 x 10 15 1 MeV electrons/cm 2 (b.).
By using the reciprocity relation we can calculate the voltage of each subcell for each injection current and derive subcell dark current-voltage characteristics for each subcell before and after electron radiation as seen in Fig 2. The most obvious observed change is an increase in the dark current for each subcell at any given voltage. Less obvious, is the change in ideality of each subcell as well as the change in the saturation current density. By fitting the subcell dark current-voltage curves, we can see that ideality becomes more ideal, closer to 1 from the Ge and GaInAs subcell (Tab. 1).
Figure 2. Dark current-voltage properties before and after irradiation with 1 x 10 15 1 MeV electrons/cm 2 . The dark current-voltage curves were derived by using the spectral reciprocity relationship. The GaInAs subcell showed the greatest increase in dark current. Also, the GaInAs and Ge subcells had a decrease in their respective ideality factor.
The decrease in ideality indicates that the subcells are becoming more dominated by radiative recombination after irradiation, albeit there is much less radiative recombination as indicated by the electroluminescence spectra. Finally, by offsetting the dark current-voltage curves using the derived photocurrent from integrating the AM0 spectrum with the quantum efficiency spectrum we can produce light current-voltage curves for each subcell. As can be seen in Fig. 3 and Tab. 1, the subcell fill factors, Voc, Jsc, and power. Previously, this has not been accomplished as the lower injection currents needed to obtain the knee of the current-voltage curve had not been obtained [7, 8] . Utilizing the derived subcell voltages we can now determine where the greatest loss in voltage comes from in the multijunction solar cell by evaluating the factor as described in Eq. 2. (2) In Eq. 2, is the normalized voltage loss for each junction ( ).
is simply a way to determine what subcell contributes to the greatest loss in voltage of the multijunction solar cell. In this case the GaInAs contributes 67.06% of the voltage loss, GaInP contributes 26.45%, and Ge contributes 6.49% of the loss.
CONCLUSION
By deriving the subcell current-voltage properties and characterizing their radiation induced degradation, we can now identify where most of the voltage is coming from, radiation effects on fill factor, as well as the root cause for voltage degradation in multijunction solar cells. The ability to measure the degradation of subcell current-voltage properties has implications in better predicting radiation degradation of space photovoltaics, as well as developing more radiation hard solar cells.
